A gas-flow furnace has been built for hightemperature single-crystal X-ray diffraction measurements using a Huber 512 four-circle goniometer. The furnace assembly is mounted on an XYZ stage which is fixed to the ~¢-axis counterbearing and the sample is mounted on the ~ circle. The XYZ stage allows a determination of the temperature profile around the sample and a selection of the optimum furnace position. The sample temperature is measured with a thermocouple placed 0.5 mm from the center of the crystal. Thermocouple temperature was calibrated up to 991 K using the thermal expansion of a single crystal of NaCI. The accuracy of the sample temperature measurements and the fluctuations of the sample temperature are both better than +2 K. The furnace has been successfully used to study the crystal structures and the thermal expansion of fl-Mg2SiO4 up to 1100 K and the phase transitions in ilvaite, Ca(Fe2+ Fe3+) Fe2+Si2OTO(OH), and anorthite, CaAI2Si208, at 346 and 516 K, respectively.
Introduction
In high-temperature single-crystal X-ray diffraction experiments below about 1400 K, radiative furnaces have generally been used because their simple design allows them to be built and handled easily (Hazen & Finger, 1982) . For example, Brown, Sueno & Prewitt (1973) built a radiative furnace which generates temperatures as high as 1370 K with a stability of about ±20K. Swanson & Prewitt (1986) made improvements in the design to achieve much higher stability (+3 K). Gas-flame furnaces have been used in studies which require extremely high temperatures, 1400< T<2300K (Nukui, Iwai & Tagai, 1972; Miyata, Ishizawa, Minato & Iwai, 1979; Yamanaka, Takeuchi & Sadanaga, 1984) . *Present address: Geological Survey of Japan, Higashi, Tsukuba, Ibaraki 305, Japan.
t To whom all correspondence should be directed.
The major advantage of gas-flow furnaces over the radiative furnaces, both of which can be used over the same temperature range, are that the 20 angle access is larger and the temperature fluctuations are smaller. In a gas-flow furnace built by Smyth (1972) temperatures up to 1170 K were obtained with a stability of +10 K. Recently, such furnaces with higher stabilities have been reported (Tuinstra & Fraase Storm, 1978; Lissalde, Abrahams & Bernstein, 1978; Ishizawa, Miyata, Minato & lwai, 1978; Hong & Asbrink, 1981; Fraase Storm & Tuinstra, 1986; Peterson & Melluish, 1989) .
The gas-flow furnace can be mounted either on the q~ circle or on the q~-axis counterbearing. Most of the previous gas-flow furnaces were mounted on the q~ circle. Both mounting methods have advantages and disadvantages. When the furnace is mounted on the q~ circle, the sample and the thermocouple must be positioned inside the furnace, thereby making it difficult to change the sample and mount the thermocouple. On the other hand, the advantage of this mounting method is that the sample and the furnace always move together with their relative positions unchanged, thus providing a good temperature stability of the sample. When the furnace is mounted on the ~ axis counterbearing, the deisgn of the furnace can be much simpler and it can be operated more easily. In this case, however, the sample orientation relative to the furnace changes as q~ is rotated, which may generate fluctuations in sample temperature.
We decided to mount our gas-flow furnace on the q~-axis counterbearing of a large four-circle diffractometer (Huber 512, x-circle diameter 520 mm) with a ~o offset of 63.5 mm. The temperature fluctuations were minimized by a careful alignment of the furnace. The considerations for the design of our gas-flow furnace were: (1) the furnace was to be mounted on the q~ counterbearing for easy operation; (2) the furnace should provide axially symmetric gas flow, which should not be affected by the downstream elements; and (3) the furnace was to be mounted on an XYZ stage to allow the optimum positioning of 0021-8898/89/050401-05503.00 0 1989 International Union of Crystallography the furnace. A diagram of the furnace, the XYZ stage and the sample assembly is shown in Fig. 1 . inside flow divider and the base block, all of which are made of MACOR (Contronics Corp.), a hightemperature machinable ceramic, that can be used safely up to 1250 K. The heater is an alumina tube (3 mm inside diameter and 6 mm outside diameter) with two layers of platinum wire (diameter -0.38 mm, total length -800 mm) wound around it. The heater assembly is cemented to the furnace shell at the top. The furnace shell, the inside flow divider and the bottom block are held together with screws.
Gas-flow furnace
The bottom block has a brass gas inlet in the center, which is connected to the gas supply line with vinyl tubing. The furnace is designed to be axially symmetric to achieve the radial temperature profile symmetric around the gas-flow axis.
We have used standard compressed air as the flowing-gas source, which is very convenient because there are no gas tanks to change. The problem with compressed air is that it contains substantial amounts of water vapor which can interact with the .furnace materials and with the sample. For example, the silica capillary used in the sample assembly reacts with hot water vapor above 1300 K. Therefore, dry gas must be used at very high temperatures.
AC power is supplied to the heater from a power supply, which consists of a line voltage regulator and two variac transformers connected in series. The voltage regulator stabilizes the line voltage fluctuations to within +0.1%. With the two variac transformers, the voltage can be adjusted with a precision of about +0.1%. All adjustments are done manually. 34 W (13 V, 2.6 A) of power were required to reach 650 K and 127 W (31 V, 4.1 A) to reach 1100 K.
X YZ stage
The whole furnace assembly is mounted on an XYZ stage fixed to the q-axis counterbearing. The XY stage is a commercial low-profile stage (Newport, 460-XY), which provides a travel of 13 mm via a micrometer in each direction. The Z stage was designed and built to be fixed to the q-axis counterbearing and to support the XY assembly. The motion in the z direction is controlled by turning the vertical drive screw and the z position is determined from the dial indicator. This XYZ stage is necessary to examine the temperature profile of the gas flow and to select the optimum furnace position, which is discussed in more detail in the section on temperature profile.
Crystal mounting
We have tried two slightly different methods to mount the single-crystal samples (Fig. 3) , suitable for use with our gas-flow furnace. In the first method, called the wet mounting (Fig. 3a) , the sample is mounted on a silica rod with zirconia-based adhesive (Contronics 940). A Pt/Pt-10% Rh thermocouple (50 ~m diameter) is then placed at a distance of 0.5 mm from the center of the crystal and the entire assembly is placed inside a 0.7 mm diameter silica capillary. For samples which are chemically unstable or which might interact with the chemicals contained in the adhesive, the second method, called dry mounting ( Fig. 3b) , should be used, where the crystal is held in a sealed silica capillary with a silica rod and the thermocouple is placed outside the capillary 0-5 mm away from the center of the crystal. The entire assembly is then placed in a 0.7 mm diameter silica capillary the same way as in the wet mounting method. The outside silica capillary plays two important roles: to reduce the temperature gradient around the sample and to protect the sample crystal from possible chemical reaction with the hot reactive materials in the gas. After the entire assembly is in place, a cement ring is attached to the outside capillary 5 mm below the sample; this ring absorbs energy from the hot-gas stream, thereby reducing the tempeature gradient near the sample.
Temperature calibration
The temperature was monitored by the Pt/Pt-10% Rh thermocouple which was placed about 0.5 mm away from the sample during the experiments.
To calibrate the sample temperature versus thermocouple temperature, the thermal expansion of a single crystal of NaCI was measured using X-ray diffraction for both mounting methods. In Table 1 , the temperature calculated from the NaCI thermal expansion and the thermocouple temperature are compared from room temperature up to 900 K for the wet mounting method and 991 K for the dry mounting method. The NaCI temperature was calculated from the measured unit-cell parameters using the thermal- expansion data measured with a dilatometer (Enck & Dommel, 1965) . The actual temperature of the sample lies within +2 K of the thermocouple temperature except for one data point at the highest temperature, 991 K. Both mounting techniques produced NaCI melting at temperatures below the known melting temperature, 1074 K. The crystal mounted using the wet mounting method melted at 997 K, whereas the crystal mounted using the dry mounting method melted at 1054 K. As discussed above, the thermocouple temperature agrees very well with the NaCI temperature from room temperature up to 900 K for the wet mounting method and up to 991 K for the dry mounting method; therefore, it is difficult to understand why the thermocouple temperature deviates from the actual temperature so drastically near 1000 K. Considering the very reactive nature of the alkali halides, we speculated that the melting temperatures of NaCI used in the calibration experiments were affected by a chemical reaction between the sample and the adjacent material. This speculation is supported by the observation that the NaC! crystal mounted using the wet mounting method melted at a lower temperature than the NaCI crystal mounted using the dry mounting method. This experiment shows that a meltingpoint temperature calibration must be done with extreme caution.
Temperature profile
The temperature of the sample was measured as a function of its position relative to the furnace position. Fig. 4 shows the measured temperature profile along the gas stream (z direction) at the center of the stream). The temperature was measured from the furnace exit (z = 0) to z--20 mm downstream. Normally, during the experiments the sample was located at z -~ 5 mm. At this position, the temperature gradient in the z direction is 0.7 K mm -~. The temperature profile in the radial direction (the xy plane) at z = 5 mm is shown in Fig. 5 . The radial temperature distribution strongly depends on the geometry of the downstream elements. When the stream stopper is not symmetrical, the temperature profile reflects the shape of the stream stopper and is not concentric (Fig. 5a ). This non-concentric temperature distribution will cause fluctuations of the sample temperature as its q~ orientation changes. Therefore, the stream stopper must be made as symmetric as possible. With care a concentric radial temperature distribution can be obtained, as shown in Fig. 5(b) .
Temperature stability
Fluctuations in the sample temperature during the measurements arise from two different sources: fluctuations in the gas temperature and variations produced by ~0 and X motion. The temperature (6) 0-00000 297 297 5"6908 (6) 0"00867 (11 ) 502 (2) 500 ( 1 ) 5"7468 (6) 0"01859 (11 ) 703 (2) 700 (1) 5-8109 (5) 0"02995 (9) 901 (2) 900 (I) 5"6419 (7) 0.00000 297 297 5.6906 (7) 0-00863 (12) 501 (2) 500 (1) 5"7768 (7) 0"02391 (12) 799 (2) 800 (1) 5"8435 (9) 0"03573 (15) 989 (3) 991 (1) * The NaCI temperature was calculated from the measured unit-cell parameters using the thermal expansion data of Enck & Dommel (1965) . Error in the NaCl temperature includes error in the thermal-expansion data of Enck & Dommel. fluctuations of the gas flow were controlled within + 1 K with the voltage-stabilized power supply. The variations of the sample temperature with X position were reduced to less than + 1 K by choosing a gas flow of 2-2.Slmin-' For a given power input, higher temperatures can be achieved with lower flow rates. However, when the flow rate is low the gas flow is easily disturbed and the sample temperature varies with the X position. For example, with a flow rate of 1.5 I min -t, the temperature of the sample at X = 90° was 5 K lower than the temperature of the sample at X = 0% The variations of the sample temperature with ~0 position were reduced to less than + 1 K by carefully making the stream stopper to achieve a concentric temperature profile and by adjusting the furnace position so that the sample is at the center of the concentric temperature profile. The total temperature fluctuations which include the gas-flow temperature fluctuations were about +2 K up to 1100 K for -180< ~o < 180 ° and -90 < g < 90°.
Maximum temperature
The maximum temperature which has been produced by this furnace is 1100 K. The temperature was not increased beyond this temperature because the temperature limit for the machinable ceramics we used in the present furnace is 1250 K. At 1100 K the furnace runs stably and no mechanical problem was found in the furnace. With the sample temperature of 1100 K, the temperature of the platinum heater wire is calculated to be about 1450 K from its electrical resistivity. Since this temperature is much lower than the platinum melting temperature, 2045 K, it should be possible to achieve temperatures higher than ll00 K.
Applications
This furnace has been used to study (1) the monoclinic-to-orthorhombic phase transition in ilvaite at 346 K (Ghose, Tsukimura & Hatch, 1989) , (2) the P1 to IT phase transition in anorthite at 516 K (Ghose, Tsukimura, Weber, McMullan & Haga, 1989) and (3) the high-temperature crystal structure and the thermal expansions of fl-MgESiO4 up to 1100 K (Tsukimura, Sato-Sorensen, Ghose & Sawamoto, 1989) . The results for anorthite and/3-Mg2SiO4 are shown here. The unit-cell parameters of anorthite were measured at 30 different temperatures between 297 and 700 K and the continuous changes in the a,/3 and 3' angles are plotted as a function of temperature (Fig. 6) . Near the transition, the unit-cell parameters were measured every 5 K, even with such small temperature steps, the changes in/3 and y were only 0.02 °, which were clearly observed in the measurements. The unit-cell parameters of/3-Mg2SiO4 were measured up to 950 K (Fig. 7) . At 1100 K the fl-Mg2SiO4 (modified spinel) single crystal converted to polycrystalline a-Mg2SiO4 (olivine).
Summary
Our gas-flow furnace design solved the two major problems of previous gas-flow furnace designs: (1) the usual complications in the structure and difficulty in operation were solved by mounting the furnace on the ~0-axis counterbearing instead of on the ~0 circle and (2) the XYZ stage allowed the temperature fluctuations to be minimized. By using the thermal expansion of a single crystal of NaCI, the sample temperature was calibrated up to 991 K. This furnace can be easily operated with high accuracy and high temperature stability at the sample. The furnace design can be further improved by (1) using machinable high-temperature ceramics, stable at temperatures higher than the MACOR used for the frame of the present furnace, (2) increasing the heater diameter to reduce the radial temperature gradient, and (3) increasing the heater length to accommodate more heat source to attain higher temperatures.
